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1 Introduction
The spectrum of baryon resonances, their masses, widths, and
photo-couplings [1] provide a wealth of information to test the-
ories modeling QCD [2,3,4,5,6,7,8] or, eventually, calcula-
tions of these quantities on the lattice [10,11,12,13,14]. The
Particle Data Group [15] summarizes regularly the experimen-
tal information coming from a variety of different experiments.
Some of the information is already highly condensed: informa-
tion on the excitation spectrum of the nucleon stems from ex-
periments on piN elastic scattering, including experiments on
pi−p→ npi+ charge exchange, and from experiments in which
the target nucleon is polarized, and from experiments in which
the recoil polarization of the scattered nucleon is measured in
a secondary reaction. All this information is exploited to deter-
mine energy-independent partial wave amplitudes. In a second
step, these amplitudes are analyzed to extract resonant contri-
butions [16,17,18,19]. Partial decay widths stem from dedi-
cated experiments studying, e.g. pion induced hyperon produc-
tion or photoproduction of the known resonances.
Unfortunately, the experimental information is not really
sufficient to determine energy-independent partial wave ampli-
tudes from piN elastic scattering. Data on the nucleon recoil
polarization do not cover the full energy and angular range.
They help to differentiate between different partial wave solu-
tions but they cannot be used to construct the amplitudes from
the data. Without this information, only the absolute values of
the spin-flip and spin non-flip amplitudes can be determined
but not their relative phases. The recoil polarization is accessi-
ble easily in case of production of hyperons which reveal their
polarization by their asymmetric Npi decays. Unfortunately,
pion-induced hyperon production experiments with polarized
targets have been carried only at a few momenta. Hence again,
the data do not suffice to reconstruct the amplitudes in single
energy bins. Even if the amplitudes are enforced to obey some
continuity criteria from energy bin to energy bin, the problem
does not converge to a unique solution. Dispersion relations –
for fixed four-momentum transfer, for fixed cms-angles, and
for fixed energy – can be used to relate the real and imaginary
part of the scattering amplitude and can thus, in principle, be
exploited to overcome the lack of experimental data. Further
input can be derived from a comparison of the total and differ-
ential cross section for pi±p and the Coulomb interference and
from p¯p → 2pi exploiting backward dispersion relations. But
still, it is questionable how reliable the individual partial waves
can be separated.
The lack of data has led to the unpleasant situation that
about half of all nucleon and ∆ resonances reported in the
Karlsruhe Helsinki analysis (KH80) [16,17] and in the Carnegie-
Mellon analysis [18] were not confirmed in a later analysis at
GWU [19] using larger and more precise data sets, in particular
also spin rotation parameters in the elastic pion-proton scatter-
ing from ITEP [20,21,22]. Predictions by [19] of the backward
asymmetry [23] in the elastic pion-proton scattering favor the
GWU solution over the classical solutions of KH80 and CBM.
So, even in the case of piN elastic scattering, the number of
contributing resonances is controversial, and concrete predic-
tions using the amplitudes of the KH80 and CBM analyses
show significant discrepancies when compared to data.
In photoproduction of hyperons, even more experiments
are needed to construct amplitudes from the data but experi-
mental prospects are better. As shown in [24,25,26], precise
measurements of eight carefully chosen observables are suffi-
cient to construct – up to an overall phase – the four complex
amplitudes describing photoproduction of a baryon with spin-
parity JP = 1/2+ and a pseudoscalar meson. Measurements
are then needed of the differential cross section, experiments
with polarized photons yielding the beam asymmetry Σ, mea-
surements of the hyperon polarization P , of the target asym-
metry T , and double polarization experiments in which the po-
larization transfer from the initial photon or of the target proton
to the final state hyperon is studied. This ambitious program is
presently underway in several laboratories but so far, data of a
“complete” experiment are not yet available.
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Even though the amplitudes cannot yet be constructed from
existing data, it is nevertheless possible to fit the data directly
with energy-dependent amplitudes. These amplitudes contain
the physics: the number and the properties of resonances. Sev-
eral groups have fitted existing data on hyperon production and
reported which resonances are required to achieve a good de-
scription of the data.
In a series of recent papers, we reported fits to data on pion
and photo-induced hyperon production: the exploratory study
was described in [27,28], [29] was devoted to the study of a
narrow structure in nη, the results were summarized in [30],
where also references to the data used can be found. Inter-
pretations of the results were given in [31,32]. In this paper
we compare our amplitudes for hyperon and η production with
other PWA models. Such a comparison allows for a deeper in-
sight into the model-dependence of the fits than a comparison
of contributing resonances and their properties can provide.
As mentioned above, the number of nucleon and ∆ reso-
nances in the Karlsruhe-Helsinki analysis [16,17] and in the
Carnegie-Mellon analysis [18] is much larger than in the anal-
ysis at GWU [19]. In [27], we have tested which impact this
difference has on the number of resonances observed in a mul-
tichannel analysis which is constrained by either the Karlsruhe-
Helsinki amplitudes or by the GWU amplitudes. It was found
that the number of required resonances is the same and that the
properties of resonances change only little when the Karlsruhe-
Helsinki amplitudes are replaced by the GWU amplitudes. In
order not to bias the analysis towards a multitude of resonances,
we use for our fits the GWU amplitudes
The paper is organized as follows: In the subsequent sec-
tions (2 and 3) we give a brief survey of data on hyperon and
η production and of the fits which have been performed so far.
In section 4 we present the amplitudes for pion- and photo-
produced production of hyperons and of η mesons. Our am-
plitudes for γp → ppi0 and npi+ have been presented else-
where [33]; however, the amplitude were based on the solution
BnGa2010. We show here the new amplitudes but refrain from
a renewed discussion since the new fits gave only small changes
in the amplitudes.
2 Hyperon production
Data on hyperon production by pion beams were taken in the
70ies and 80ies, in those glorious times when pion beams were
still available for experiments at all major laboratories for par-
ticle physics. Two reactions are of particular importance:
i) production of Λ hyperons in pi−p → ΛK0 gives ac-
cess to nucleon resonances. The reaction was studied from the
threshold region [34] up to 2.32 GeV in invariant mass [35].
The resonance parameters obtained in a partial wave analysis
[36] of the data were found to be in good agreement with those
of piN analyses. In the final fits, masses and width of nucleon
resonances were therefore fixed to values derived from elastic
piN scattering; the main result was thus the determination of
piN → ΛK matrix elements. Later measurements of the spin-
rotation parameter [37] confirmed the main predictions of [36].
ii) Only isospin I = 3/2 resonances can contribute to pi+p→
K+Σ+. The reaction was studied by Candlin et al. from thresh-
old to 2.35 GeV centre-of-mass energy [38]. An energy-depen-
dent partial wave analysis found a unique solution giving a sat-
isfactory fit to the data. Most resonances found in the analyses
of piN elastic scattering were confirmed except some one-star
states [39]. Spin rotation parameters were measured later at two
incident pion momenta [40]. The results were at most in fair
agreement with predictions from their earlier PWA [39]. Hence
their published amplitudes are certainly not fully correct.
iii) The third reaction, pi−p → K0Σ0, receives contribu-
tions from both isospins [41].
All three reactions benefit from the weak hyperon decay
which reveals the polarization status of the final-state baryon,
i.e. the recoil polarization.
Photo (and electro-)production of hyperons gives access to
additional quantities like helicity amplitudes and, in electro-
production, the dependence of transition amplitudes on the (squared)
momentum transfer. The latter variables are particulary sen-
sitive to the internal structure of baryon resonances. Again,
three reactions are relevant in this context: γp → ΛK+ and
γp→ Σ0K+, [42,43,44,45,46,47,48], γp→ Σ+K0 [49,50,
51], and the corresponding reactions off neutrons γn→ ΛK0,
γn → Σ0K0, γn → Σ±K∓. For electroproduction, the γ is
replaced by a virtual photon γ∗; we quote recent results here
even though they are not the topic of this paper [52,53].
The conventional strategy to study the reaction dynamics
and to determine the properties of contributing resonances pro-
ceeds in steps. In a first step, the piN elastic scattering ampli-
tudes are determined in an energy-independent reconstruction.
So far, this step was carried out by three groups only [16,18,
19]. In a second step, a fit to the resulting piN elastic partial
wave amplitudes is performed and masses, widths and piN cou-
plings of contributing resonances are determined. Reactions
like pi−p → ΛK0 are used to derive piN → ΛK0 transition
matrix elements. In a third step, helicity amplitudes A1/2 and
A3/2 are specified by including photoproduction data. TheirQ2
dependence, including polarization transfer coefficients, fol-
lows from fits to electroproduction data [54,55]. In the latter
fits, hadronic properties of resonances are mostly frozen.
The Gießen group was the first one which embarked the en-
terprize to analyze simultaneously many reactions in a coupled
channel fit. The Giessen group starts from a chiral Lagrangian
from which background terms can be constructed with a min-
imum number of parameters. The strong interaction parame-
ters were frozen from coupled-channel fits to pion-induced re-
actions and then, photon-induced reactions were included [56,
57]. The spin of resonances was first limited to 3/2; in more re-
cent studies [58,59], spin 5/2 resonances have been included.
The Gießen group fits a large number of different reactions
like piN → piN, KY, ηN, ωN and the corresponding photo-
induced reactions. The recent measurements high precision re-
sults from photo-production experiments which include mea-
surements of double-polarization variables likeCx, Cz andOx,
Oz were not yet available at the time when the study was per-
formed.
In many cases, photoproduction data were fitted using mas-
ses and widths of known resonances as input. In this way, the
effect of coupled channels [60] or of resonances in the u-chan-
nel can be studied [61] as well as the impact of specific res-
onances [62,63,64]; helicity amplitudes of known resonances
can be determined [65,66], and new resonances (the so-called
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“missing resonances”) can be searched for [67,68]. In the high-
energy region, inclusion of meson trajectories in the t-channel
allows for a description of various photoproduction channels
over an extended energy range [69,70,71,72]. Elastic piN scat-
tering and the reaction pi+p → K+Σ+ were described simul-
taneously in a unitary coupled-channels approach by Do¨ring
et al. [73]. The Bonn-Ju¨lich approach starts with a chiral La-
grangians and takes dispersive parts of intermediate states fully
into account.
Amplitudes for strangeness production are presented by
Candlin et al. [39], by the Bonn-Ju¨lich group [73], and by KAON-
MAID [74]. The three amplitudes are compared in section 4.
3 Production of η mesons
Rather few data exist on the reaction pi−p → nη, and conflict-
ing results have been reported [75,76,77,78,79,80,81,82]. A
lengthier discussion on the reliability of different data sets is
summarized [83]. In the BnGa analysis, these data are used to
constrain magnitudes for N∗ → Nη couplings. Hence we de-
cided to use the data from [76,82] as main input, and those in
[80,75] with low weight to control our solutions. The inconsis-
tencies between the different data sets demonstrate that tech-
niques used in these - rather old - experiments were not really
adequate to identify η mesons and to measure their yield.
The corresponding reaction with photons, γp → pη, has
been studied in a number of high-statistics experiments; a sur-
vey of early experiments can be found in [84]. The data are
mostly consistent, with some deviations between the data from
CLAS at Jlab [85,86] and Crystal Barrel at ELSA; we de-
cided to use only high statistics data with direct detection of
the η mesons [84,87,88,89,90,91]. Electroproduction has been
studied as well; here we give reference to the latest publication
only [92] in which earlier experiments are quoted.
In experiments on η production, the polarization state of the
outgoing nucleon is difficult to measure (and so far, was never
determined). Hence the corresponding amplitudes suffer from
considerably larger uncertainties.
4 Amplitudes
The amplitudes presented here are derived from the BnGa mul-
tichannel analysis of a large fraction of the world data on nu-
cleon resonances. Due to the complexity of the problem and
missing information on further polarization variables, the fits
due not converge to a well defined minimum. Instead, we found
two classes of solutions, called BnGa2011-01 and BnGa2011-
02. These two classes of solutions are defined by the number of
resonances with JP = 7/2+, one has one 7/2+ resonance, the
other one two. Within both classes of solutions, a number of
different solutions were found which differ in smaller details.
These provide error bands for the amplitudes.
In Figs. 1 - 2 we present our amplitudes and compare them
to earlier results. The amplitudes for pi−p → ΛK0 in [36] are
given only in the form of Argand diagrams without a mass
scale, hence a comparison of the amplitudes is not possible.
The error bands of the two Bonn-Gatchina solutions and their
consistency is relatively good even though considerable differ-
ences can be seen for smaller amplitudes. These differences
can be qualitative like for the JP = 3/2+ wave where the ob-
served pattern seems to be shifted in energy; mass and width of
the resonances in this wave optimize, however, for nearly the
same pole positions; only the relative phases between consecu-
tive resonances are different. In contrast, the (small) 7/2+ wave
shows a significant structure in solution BnGa2011-01 which is
absent in BnGa2011-02.
For the piN → ΣK reaction, there is a much wider spread
of results. For isospin 1/2, for nucleon excitations, no compar-
ison with other work is available. The amplitudes for isospin
3/2 are shown in Fig. 2, upper panel. The amplitudes are from
the work of Candlin et al. [39] and from the recent Bonn/Ju¨lich
analysis [73]. Candlin et al. and our amplitudes are in fair agree-
ment; those from Bonn/Ju¨lich show partly larger discrepancies.
In particular, the Bonn/Ju¨lich S31(1/2−) waves deviates signif-
icantly from the ones reconstructed by Candlin et al. and from
our amplitude, even at the lowest energies. The P33(3/2+) par-
tial wave seems to be not very well defined by the data, sizable
differences are seen between our two solutions, the Bonn/Ju¨lich
analysis, and the solutions from the work of Candlin et al.
where the imaginary part is comparatively small. TheP31(1/2+)
wave from Candlin et al. disagrees with the findings by Bonn/Ju¨lich
and our findings: in this wave, no resonance is supposed to con-
tribute in the work of Candlin et al. while in the other two anal-
yses, one P31(1/2+) resonances is used to describe the data.
This work finds no contribution from theD35(5/2−) wave while
Candlin et al. and Bonn/Ju¨lich identify a small contribution. In
the higher partial waves, no structural differences are seen.
To trace the differences we have reconstructed the total
cross section from the sets of three partial wave amplitudes.
These are compared with the data in Fig. 3. It is obvious, that
some intensity is missed in the amplitudes of [73]. Dynamical
coupled-channels models based on effective chiral Lagrangians
have the advantage of a much reduced number of fit parame-
ters since they provide a microscopical description of the back-
ground [97,98]. In some cases, resonances can even be con-
structed from the iteration of background terms [99,100,101].
However, there is the possibility that not all background ampli-
tudes provided by Nature are included in the calculation. It is
then unclear to which minimum the fit converges.
The reaction piN → ηN lacks good data; polarization data
are not available. In some partial waves, even the sign of cou-
pling constants is not defined. Nevertheless, the data are use-
ful since they constrain the Nη decay modes of nucleon reso-
nances. The signs of the two partial wave amplitudesP11(1/2+)
and P13(3/2+) can both flip; this ambiguity leads to ambigui-
ties in theNη contribution ofN(1710)1/2+ andN(1720)3/2+.
Measurements of the helicity dependence of the η photopro-
duction cross section should thus help to resolve this ambigu-
ity.
Photoproduction multipoles for γp → ΛK+, for the two
isobar contributions to γp → ΣK , and for γp → pη are pre-
sented in Figs. 4-5 and compared with the amplitudes from
KAON-MAID [74,103]. For γp→ ΛK+, the two Bonn-Gatchina
solutions show often similar trends in the region up to 2 GeV
even though the spread of results is still remarkable. This was
unexpected since this reaction is, at present, the best studied
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Fig. 1. Decomposition of the pi−p→ ΛK0 (top) and piN → NΣ isospin-1/2 (bottom) transition amplitudes. The light (red) shaded areas give
the range from a variety of different fits derived from solution BnGa2011-01, the dark (blue) shaded area from solution BnGa2011-02.
photoproduction reaction for which even data on double polar-
ization (Cx, Cx, Ox, Oz) are available, and used in the Bonn-
Gatchina fits.
Here, it has to be stressed that the amplitudes are much
more sensitive to the structure of an amplitude than the position
of singularities in the complex energy plane. Large differences
in these amplitudes may still be compatible with a reasonably
good definition of the masses and widths of resonances.
The KAON-MAID amplitudes show nearly no similarity to
our results at all. However, sizable discrepancies can be seen in
some variables which can be calculated from their amplitudes.
Fig. 3 shows an example. We emphasize that KAON-MAID
did not fit those data. The comparison hence shows that the
discrepancies between KAON-MAID and the Bonn-Gatchina
solutions is not too worrisome. The multipoles for the two iso-
bar contributions to γp→ ΣK show an even larger spread, and
sizable differences between the two BnGa solutions, likely due
to the absence of data on double polarization variables. For the
reaction γp → pη, the amplitudes exhibit a large spread even
in important waves. In this case, the disagreement between the
BnGa and the MAID amplitudes is very unsatisfactory since
basically, the same data are used. Obviously, care has to be
taken when η decay modes of resonances are to be interpreted.
Our multipoles on pion photoproduction were presented al-
ready in [33]. Those were based our 2009 solution. In Fig. 6
we give an update based on our present solutions. The over-
A.V. Anisovich et al.: Pion- and photo-induced transition amplitudes to ΛK, ΣK, and Nη 5
-0.2
0
0.2
Re A(p N→KS )
S31(1/2- )  
-0.2
0
0.2
Re A(p N→K S )
P31(1/2+)  
-0.1
0
0.1
D33(3/2- )  
-0.1
0
0.1
P33(3/2+)  
-0.1
0
0.1
D35(5/2- )  
-0.1
0
0.1
F35(5/2+)  
-0.1
0
0.1
1800 2000 2200 2400
Wcm, MeV
G37(7/2- )  
-0.1
0
0.1
1800 2000 2200 2400
Wcm, MeV
F37(7/2+)  
-0.2
0
0.2
Im A( p N→K S )
S31(1/2- )  
-0.2
0
0.2
Im A( p N→K S )
P31(1/2+)  
-0.1
0
0.1
D33(3/2- )  
-0.1
0
0.1
P33(3/2+)  
-0.1
0
0.1
D35(5/2- )  
-0.1
0
0.1
F35(5/2+)  
-0.1
0
0.1
1800 2000 2200 2400
Wcm, MeV
G37(7/2- )  
-0.1
0
0.1
1800 2000 2200 2400
Wcm, MeV
F37(7/2+)  
-0.2
0
0.2
Re A(p N→h N)
S11(1/2- )  
-0.2
0
0.2
Re A(p N→h N)
P11(1/2+)  
-0.2
0
0.2 D13(3/2- )  
-0.2
0
0.2 P13(3/2+)  
-0.2
0
0.2 D15(5/2- )  
-0.2
0
0.2 F15(5/2+)  
-0.2
0
0.2
1600 1800 2000 2200 2400
Wcm, MeV
G17(7/2- )  
-0.2
0
0.2
1600 1800 2000 2200 2400
Wcm, MeV
F17(7/2+)  
-0.5
0
0.5
Im A( p N→h N)
S11(1/2- )  
-0.5
0
0.5
Im A( p N→h N)
P11(1/2+)  
-0.2
0
0.2 D13(3/2- )  
-0.2
0
0.2 P13(3/2+)  
-0.2
0
0.2 D15(5/2- )  
-0.2
0
0.2 F15(5/2+)  
-0.2
0
0.2
1600 1800 2000 2200 2400
Wcm, MeV
G17(7/2- )  
-0.2
0
0.2
1600 1800 2000 2200 2400
Wcm, MeV
F17(7/2+)  
Fig. 2. Decomposition of the piN → NΣ isospin-3/2 (top) and pi−p → nη transition amplitudes. The light (red) shaded areas give the range
from a variety of different fits derived from solution BnGa2011-01, the dark (blue) shaded area from solution BnGa2011-02. The dotted curve
represents the PWA from [39], dashed one from [73].
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+ . The light (red) shaded areas give the range from a variety of different fits derived from solution BnGa2011-01, the dark (blue)
shaded area from solution BnGa2011-02. The dotted line represents the fit from KAON-MAID [74].
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Fig. 5. Multipole decomposition of the γp → Σ+K0 (top) and γp → pη (bottom) transition amplitudes. The multipoles are given in units
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all consistency between BnGa2009 and BnGa2011, and be-
tween BnGa2011-01 and BnGa2011-02, is good. Also, the er-
ror bands are significantly narrower. The large discrepancies
between our solutions and those of MAID and SAID were,
however, unexpected. In this case, new data from ELSA on the
double polarization variableG provide very useful information
[104].G describes the correlation between the photon polariza-
tion plane and the scattering plane for protons polarized along
direction of the incoming photon. In the low-energy region
(M < 1.65GeV), the data are compatible with BnGa2011-01
and BnGa2011-02 predictions, while very sizable discrepan-
cies are seen to the MAID and SAID predictions. At medium
energies (M ≈ 1.65−1.80GeV), all predictions are reasonably
close to the data even though improvements can be expected
when the data are included in the fits.
The structure of the M−1 multipole, exciting the JP =
1/2+ partial wave, is similar in all solutions even though the
quantitative agreement is not satisfying. Other multipoles com-
pare more favorably, in particular of course the M+1 multipole.
Significant differences are seen in the E+
2
and M+
2
. Yet, these
are the smallest amplitudes (and excite the N(1675)5/2− res-
onance).
5 Summary
We have presented amplitudes for pion and photo-induced re-
actions leading to final states with ΛK ,ΣK , andNη. For com-
pleteness, we have added the amplitudes for γp → ppi0 and
γn → ppi+. The amplitudes are the solutions of a recent mul-
tichannel analysis of the Bonn-Gatchina group [30]. The num-
ber and the properties of contributing resonances have been re-
ported earlier.
The solutions are divided into two classes, one class in
which we assume that there is one resonance with JP = 7/2+,
in the other class of solutions, it is assumed that there are two
of them. Within each class, there is a variety of solutions, again
with different numbers of assumed resonances, different back-
ground parameterizations, or using different start values of the
fit.
In most cases were the BnGa amplitudes can be compared
to the amplitudes from other partial wave analyses, very severe
discrepancies show up. These discrepancies are certainly due
to the lack of polarization data. The gain in reliability in the
definition of amplitudes can be seen when the amplitudes are
used to calculate observable quantities. This can be done using
our web page [105].
Significant deviations are also observed between the two
classes of solutions BnGa2011-01 and BnGa2011-02 even though
both solutions are compatible with the very large data base
made available in the last years by intense efforts at Bonn,
Mainz, Grenoble, and Jlab. But there is hope for the future:
in Bonn, Mainz, and Jlab the program is ongoing, and experi-
ments with polarized photon beams, polarized targets, and with
measurements of the recoil polarization are being carried out
and were partially completed and are being analyzed. Hence
significant further advances can be expected.
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